We reported a method for in situ peeling force measurement of one-dimensional nanostructures using a dual-probe nanotweezer, which is developed on the principle of force microscopy. Benefiting from capabilities of image scanning and accurate force sensing, the nanotweezer is capable of positioning one-dimensional nanostructures deposited on a surface and then performing in situ peeling tests with pick-and-place operations at different peeling locations of interest along a selected nanostructure. In experiments, nanoscale peeling of silicon nanowires ͑SiNWs͒ on a silicon substrate has been studied. Peeling locations at the end and in the middle of the SiNW were tested and the results indicate that approximate peeling energies are needed.
I. INTRODUCTION
Peeling force measurement at the nanoscale is clearly of interest and is crucial for measuring adhesive strength of micro-and nanoscopic bonding of nanostructures, 1 e.g., interfacial energy measurement for reinforcement of composite materials, [2] [3] [4] [5] bionanotechnology characterization, [5] [6] [7] and fabrication of nanostructures and nanodevices. [8] [9] [10] [11] [12] [13] [14] [15] The peeling test of nanostructures is thus a necessity to understand interfacial phenomena at the nanoscale contact.
Unfortunately, it is generally hard to perform a nanoscale mechanical peeling test, which requires facilities with capabilities to locate, manipulate, and displace nanostructures with nanoscale precision ͑approximately nanometers͒ while sensing extremely small peeling forces ͑approximately nanonewtons͒. As a uniquely suitable facility capable of nanoscale surface imaging and ultrasmall force sensing, the conventional atomic force microscope ͑AFM͒ in the past two decades has succeeded in manipulating nanoparticles, [16] [17] [18] single molecules, 19 nanorods, 20 and nanotubes 21 by typical used in-plane pushing or pulling manipulation. However, the nanoscale peeling force measurement, which typically requires out-of-plane manipulation, is still a challenge. Up to now, a few nanoscale peeling researches have been carried out. For instance, nanoscale peeling methods were developed to successfully peel multiwalled carbon nanotubes ͑MWCNTs͒ attached to the end of a tipless microcantilever 1 in an AFM or the tip of a self-detective microcantilever 22 integrated in a scanning electron microscope that enables a so-called visualized nanoscale peeling process. The current methods might require strenuous labors of sample preparations by sorting straight MWCNTs out and then attaching them on the microcantilevers. An effective peeling tool is thus necessarily to be developed to facilitate the nanoscale peeling tests.
In this work, we present a new method for in situ nanoscale peeling of one-dimensional ͑1D͒ nanostructures using a dual-probe nanotweezer, which is modified from our previous work of a parallel imaging/manipulation force microscope. 23 The system is equipped with two independently actuated and sensed microcantilevers with protruding tips that are in opposition to each other, forming a nanotweezer through coordination control. Due to the capability of nanoscale pick-and-place manipulation with accurate force sensing, the nanotweezer is suitable for in situ peeling of 1D nanostructures without complicated sample preparation, e.g., single molecules, nanowires, and nanotubes.
II. METHODS
The nanotweezer is formed by two force modulation microcantilevers ͑NANOSENSORS ATEC-FM, with a nominal stiffness of 2.8 N/m͒. Forces on each cantilever are independently detected by its own optical lever, which is typically composed of a laser and a quartered photodiode. The calibrated 24 open-loop X-Y-Z piezotube ͑PI P-153.10H͒ in this configuration is removed from the system base and then fixed on the closed-loop X-Y-Z nanostage ͑MCL NanoBio2M on the X-and Y-axes, and PI P-732.ZC on the Z-axis͒ to form a dual-driven nanopositioning stage. This stage can be used for image scanning, nanotweezer aligning, and nanosamples handling with an especially developed control system. The left microcantilever ͑probe I͒ is fixed to the base, while the right microcantilever ͑probe II͒ is actuated by the nanostage. The proposed dual-probe nanotweezer is capable of the nanoscale peeling, thanks to the following.
͑i͒
In comparison with the normal diameter of 1D nanostructures to be peeled, the tip apex of the probe is very tiny ͑typically with an apex radius of 10 nm or less͒, which leads to a geometrical condition for grasping at the nanoscale as well as smaller adhesive a͒ Author to whom correspondence should be addressed. Electronic mail: xie@isir.upmc.fr.
forces between the nanotweezer and the 1D nanostructures that favor the release process. ͑ii͒ More importantly, the nanotweezer can be used as a normal AFM to image the 1D nanostructures, as well as locate the probes for tweezer alignment. This function makes it possible to perform nanoscale grasping without visual feedback ͑normally in scanning and transmission electron microscopes͒ in ambient conditions. Figure 1 shows a schematic diagram of the peeling test of 1D nanostructures with the proposed nanotweezer. Figures  1͑a͒ and 1͑b͒ , respectively, show the peeling occurring at the end and in the middle of a 1D nanostructure. For stiff 1D nanostructures, peeling locations can be either at the end or in the middle, whereas for soft 1D nanostructures, notably with a small diameter or a long length, or made up of soft materials, the peeling location is recommended in the middle to avoid sliding off from the nanotweezer during the peeling process. A peeling protocol using the dual-probe nanotweezer can be summarized as follows.
First, testing 1D nanostructures and the end of probe II are accurately located by image scan with probe I by moving the nanostage. ͑ii͒
Once the target 1D nanostructure and peeling locations are determined from the scanned image, the nanotweezer is formed and then approaches to the target peeling location by moving the piezotube and the nanostage alternately. ͑iii͒ Peeling test is started by moving the piezotube on the Z-axis when a reliable grasping on the nanostructure is detected with force monitoring. For peeling energy computation, peeling forces are recorded during the whole procedure of the test.
Figures 2͑a͒ and 2͑b͒, respectively, show elastic deformations of a 1D nanostructure when the peeling occurs at the end and in the middle. The gap between the peeling location and the substrate is defined as ␦ p , while F p is the peeling force applied by the nanotweezer at the peeling location. The parameter z͑x͒ describes the gap along the 1D nanostructure from the substrate. As a peeling force computation model shown in Fig. 2͑c͒ , F p can be calculated from the microcantilever's stiffness k n and deflection ␦ n by F p =2k n ␦ n . In the models, ␦ t is the peeling distance on the nanotweezer that can be described as a sum of ␦ p and microcantilever's deflection ␦ n . In the actual use, ␦ p cannot be directly measured.
Instead, F p -␦ t curve during the whole peeling procedure with pickup and release processes is used to estimate the peeling energies. Figure 3 shows a mechanics analysis of a nanotweezer probe during a peeling operation. Forces applied on the probe tip can be resolved into two components on the X-and Z-axes in the defined frame, i.e., F x and F z , respectively. F x is the clamping force that holds the 1D nanostructure and F z FIG. 1. ͑Color online͒ A schematic diagram of a 1D nanostructure peeling force measurement using the dual-probe nanotweezer. ͑a͒ Peeling occurs at the end of the 1D nanostructure. ͑b͒ Peeling occurs in the middle of the 1D nanostructure. ␦ p is the gap between the substrate and the peeling location on the 1D nanostructure. The peeling process is performed by moving the piezotube on the Z-axis, while the nanotweezer is fixed. The peeling force is synthesized from bending forces on both cantilevers that are individually detected by their own optical levers.
FIG. 2.
͑Color online͒ ͑a͒ and ͑b͒ are, respectively, deflection simulations for peeling locations at the end and in the middle. ͑c͒ Peeling force computation model of the peeling test. F p is the peeling force applied on the peeling location, f͑z͑x͒͒ is the separating gap along the 1D nanostructure, k n is the stiffness of the cantilever, and ␦ n , ␦ p , and ␦ t are, respectively, the cantilever's normal deflection, the gap on the peeling location, and the displacement on the nanotweezer. is the peeling force that balances adhesion forces from the substrate. To sense the peeling force, it is necessary to detect the normal deflection ␦ n on each cantilever. ␦ n can be calculated by
where ␣ = 5°is the mounting angle of the cantilever, k xz =2lk n / 3h is the bending stiffness due to the moment applied on the tip end, here, h is the tip height, and L is the beam length of the cantilever. Assuming that the magnitudes of F z
and F x are of the same order, contributions from F x to ␦ n can be ignored since it is very small compared with that of F z due to k xz ӷ k n with L = 250 m and h =15 m. Thus, only F z is considered for the normal deflection ␦ n calculation, which can be estimated from the normal voltage output ⌬V n of the optical levers by
where C n is the normal force convention factor of the optical lever. The peeling force F p can be synthesized from bending forces F z1 and F z2 that are estimated from the voltage outputs ⌬V n1 and ⌬V n2 , respectively, on tips I and II
However, like other manipulation tools, the dual-probe nanotweezer has its own grasping limit on the diameter of 1D nanostructures. The minimum diameter that can be peeled is generally determined by the size of the tip apex and tips' deformations during peeling. The effects from the deformations can be counteracted by preloading a clamping force F x . Thus, the size of the tip apex is the determinative factor. A geometric simulation of the grasping limit is seen at the bottom inset of Fig. 4 , in which = 60°is the tip's tilted angle through its rotation axis relative to the substrate; ␥ = 8°is the half-cone angle of the tip; r = 8 nm and R are, respectively, the radii of the tip apex and the 1D nanostructure. The grasping limit R min can be theoretically equal to r with a proper clamping force. However, grasping will become loose when R decreases below the point where the contact is between the tip apex and the 1D nanostructure ͑sphere-sphere contact with a smaller contact angle ␤͒. Thus, from the relation,
where ␤ max =90°− − ␥ = 22°, a grasping limit D min =2R min = 35.2 nm can be calculated. It can be found that a wide range of peeling sizes from the nanoscale to the scale of several micrometers can be expected.
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III. RESULTS AND DISCUSSION
Peeling tests of a silicon nanowire ͑SiNW͒ have been processed with the proposed nanotweezer in an ambient temperature of 20°C and a relative humidity of 40%. As seen in Fig. 5͑a͒ , the cone-shaped SiNWs, with a diameter of 25 nm ͑top͒ ϳ200 nm ͑root͒ and a length of about 7 m, were deposited on a silicon substrate ͑with 300 nm silicon dioxide͒ for peeling tests. Once the SiNW was clamped, the peeling was started by moving the piezotube down while nanotweezer kept immovable, followed by a retraction for releasing as the SiNW was completely peeled from the substrate. The tests were repeated dozens of times. Figure 5͑b͒ shows a postpeeling image after 25 tests at the end. Then 20 tests were performed in the middle of the SiNW. As seen in the postpeeling image ͓Fig. 5͑c͔͒, the peeled SiNW was displaced due to complicated interactions among the SiNW, nanotweezer, and the substrate. Figure 5͑d͒ shows heights at peeling locations: 196 nm at the end and 145 nm in the middle of the SiNW. Figure 6͑a͒ shows a full peeling force spectroscopy curve for the peeling point at the end of the SiNW. When the peeling begins ͑yellow line͒, the peeling force F p decreases rapidly. At ␦ t = −115 nm, the nanotweezer pulls off the substrate. Further peeling leads to four local increases in the force magnitude that are followed, respectively, by discon- FIG. 4 . ͑Color online͒ A schematic diagram of a geometry simulation of grasping limit on the size of the 1D nanostructure. and ␥ are, respectively, the tip's titled angle relative to the substrate and half-cone angle, R and r are, respectively, radii of 1D nanostructure and the tip apex, and ␤ is defined as the contact angle between the tip apex and the 1D nanostructure.
FIG. 5. ͑Color online͒ ͑a͒ Prescanned image of SiNWs and the end of tip II.
A peeling location is first defined at the end ͑root͒ of a selected SiNW. ͑b͒ A postpeeling image after 25 peeling tests at the end. Another peeling location is then defined in the middle of the SiNW. ͑c͒ A postpeeling image after 20 peeling tests in the middle, in which the peeled SiNW was displaced due to complicated interactions among the nanotweezer, the SiNW, and the substrate. ͑d͒ Line scans show heights of the peeling locations at the end ͑196 nm͒ and in the middle of the SiNW ͑145 nm͒. tinuous jumps J 1 − J 4 , respectively, with distances d 1 − d 4 . At ␦ t = −755 nm, the peeling force jumped to zero. Upon still further moving substrate down, the peeling force remains zero, indicating that the SiNW has been fully peeled from the surface. As seen in the green part of Fig. 4͑a͒ , during the retraction, neither the nanotweezer nor the SiNW interacts with the approaching surface and the force on the nanotweezer remains around zero. Eventually, the nanotweezer snaps into the substrate at the location close to the starting point. Figure 6͑b͒ shows a full peeling force spectroscopy curve when the peeling location is in the middle of the SiNW. A shorter peeling distance and only two distinct jumps are observed, which is attributed to double peeling interfaces in this case, and reasonably, larger peeling force is obtained. From records of the 25 peeling tests at the end, an average value of the adhesion energies of 1185 keV is calculated. An adhesion energy of 906 keV in the middle is averaged from the 20 peeling tests, which is slightly smaller than the peeling energy at the end. The results are reasonable since the peeling in the middle needs stronger clamping force before peeling that might already break a small part of adhesion at the peeling location.
In summary, we have presented a method for in situ peeling test of 1D nanostructures. This method uses a dualprobe nanotweezer that has capabilities of pick-and-place the 1D structures as well as accurate force sensing during the manipulation. With this method, a 1D nanostructure can be easily peeled from the surface by grasping it at various locations without complicated sample preparation. Experimental results of SiNW peeling tests on a silicon surface validate the proposed method. Moreover, peeling applications of the dual-probe nanotweezer could be used to peel other types of nanostructures, e.g., zero-dimensional nanoparticles and three-dimensional nanostructures. In addition, peeling applications of the dual-probe nanotweezer can be extended from the nanoscale to the scale of several micrometers.
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